In recent years, there has been significant advancement in smart window technologies due to their effectiveness in reducing energy consumption of indoor lighting and air-conditioning in buildings.
Introduction
Electrochromic (EC) materials are dened by their ability to change their optical properties reversibly through the application of an electrical current or voltage. 1, 2 Many promising applications that have been proposed, e.g. smart glass, electrochromic mirrors, and electrochromic display devices, rely on the phenomenon of electrochromism. EC smart window technology, which is able to electrically modulate the transmittance of solar radiation, is one of the most widely investigated methods to assist in the reduction of energy consumption in indoor lighting and air-conditioning. 3 This is especially relevant now as more high-rise buildings, are placing enormous strains on energy demands for indoor cooling and heating. Amongst the various EC materials, transition metal oxide WO 3 is one of the earliest studied materials and still possesses the best EC performance to date. 1 Upon the electrochemical insertion/ extraction of small cations such as H + or Li + , WO 3 exhibits corresponding reversible changes in optical property (colored/ bleached) (eqn (1), M ¼ H, Li,.): [4] [5] [6] [7] [8] [WO 3 + M + + e À ] bleached 4 [MWO 3 ] colored (1) Various material structures and designs have been investigated to improve the overall EC performance of WO 3 , such as nanoparticles, [9] [10] [11] [12] [13] [14] [15] thin lms, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] nanorods [27] [28] [29] etc. The crystal structure of WO 3 is also another factor affecting the performance, with many studies reporting that amorphous WO 3 has better EC efficiency than its crystalline form due to higher ion storage capacity at the same applied voltage. [30] [31] [32] [33] [34] Recently, a modication technique based on three-dimensional inverse opal (IO) structures has been widely used to improve the overall performance of WO 3 EC material, owing to an enhancement in light absorption with its continuous and periodic structure. In addition, its large specic surface area also increases the active area and improves charge transfer kinetics during redox reactions. [35] [36] [37] [38] [39] [40] [41] Since the high visible transparency is one of the fundamental properties of glass window, it is necessary to shi the radiation modulation to the IR (or NIR) range. On the other hand, the IR (or NIR) modulation is also found to be more effective for the heat management in the eld of smart window, as nearly 50% of solar energy comes from IR radiation. However, many studies on WO 3 EC materials have achieved a large IR (or NIR) modulation, but have failed to get high visible transparency especially in the colored state. For example, Zhou et al. reported Ag/WO 3 nanowires which enable approximately 59% NIR modulation at 1100 nm, and approximately 57.1% transparency at 500 nm. 26 The bilayer WO 3 IO structure synthesized by Li et al. showed 57.6% NIR modulation at 1100 nm, but only 27.3% transparency at 500 nm. 40 The hybrid TiO 2 -WO 3 IO structure synthesized by Ling et al. also achieved about 62.5% NIR modulation at 1100 nm, but only 22.7% transparency at 500 nm. 41 The second issue that the WO 3 -based smart window system needs to overcome is the low device lifespan. Long-term EC performance of WO 3 materials is found to be suffered from degradation due to the accumulation of trapped ions in the host structure. [42] [43] [44] [45] [46] [47] To improve the stability, many modication methods have been reported, including tuning of the fabrication process, 48 optimizing periodicity and degree of crystallinity, 49 and varying of the lm thickness. 50 Wen et al. reported that ion-trapping-induced degradation, which is commonly believed to be irreversible, can be successfully eliminated by constant current-driven de-trapping. 51 However, doping or compositing with metal cations or metal oxides, e.g. Nb, 52 Mo, 53 and most commonly with Ti, 41, [54] [55] [56] [57] [58] [59] [60] are the most effective methods to improve EC cycle stability of WO 3 . Overall, it is still a challenge to develop an optimal material structure and design that can satisfy all requested features of a modern smart window technology, e.g. high visible transparency, effective NIR modulation and long-term EC stability.
In this study, we aim to achieve all such features in a WO 3based nanostructure using double-layered SnO 2 -TiO 2 IO framework to produce a multi-layered structure. The polystyrene (PS) opal was used as the initial template to fabricate the SnO 2 and SnO 2 -TiO 2 IO framework, aer which the electrodeposition method was employed to obtain the hybrid multilayered SnO 2 -TiO 2 -WO 3 IO nanostructures. The morphology, crystal structure and surface chemistry of the as-fabricated multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructures were characterized by Field Emission Scanning Electron Microscopy (FESEM), X-ray diffraction (XRD), Scanning Transmission Electron Microscopy (STEM) coupled with energy-dispersive Xray spectroscopy (EDX), and X-ray photoelectron spectrometer (XPS), respectively. The optical properties and NIR modulation performance of hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructures were examined by Ultraviolet-Visible-NIR (UV-Vis-NIR) spectroscopy under constant potential supply. It was found that the addition of an ultra-thin TiO 2 layer on SnO 2 IO framework could effectively improve the long-term EC cycling stability of SnO 2 -TiO 2 -WO 3 IO nanostructure, while maintaining the effective NIR modulation and high visible transparency in both the colored and bleached states. This study introduces a novel EC material structure for stable and effective NIR-active smart window applications.
Experimental
Synthesis of hybrid multi-layered SnO 2 -TiO 2 -WO 3 inverse opal
Fig. S1 † illustrates the fabrication procedure of hybrid multilayered SnO 2 -TiO 2 -WO 3 IO nanostructure. Mono-dispersed polystyrene (PS) spheres (Thermo Fisher Scientic) were diluted in DI water and sonicated for 30 min. Clean FTO glasses (1.5 Â 2.5 cm 2 ) were immersed in the PS dispersion horizontally at 60 C for 3 days to achieve a self-assembled PS opal template on the FTO glass substrate. In this work, two initial PS opal sizes were used in the fabrication process (392 and 520 nm).
The SnO 2 IO was obtained by dip-coating the PS opal template in an aqueous SnO 2 precursor. 61 The precursor solution was prepared by mixing 15 mL of ethylene glycol (EG) (Sigma-Aldrich) and 3 mmol of SnCl 4 $5H 2 O (Sigma-Aldrich) in a glass beaker under continuous stirring, then heated up to 120 C for 1 h. Aer cooling of the mixture, 35 mL of ethanol (Sigma-Aldrich) was added into the solution to reduce the viscosity. The PS opal template was dipped twice into the resultant solution under vacuum for 3 min each time and le to dry at 60 C for 20 min. Vacuum dipping, in this case, assisted the inltration of the precursor into the PS opal structure. This was followed by calcination at 500 C for 2 h (ramping rate 1 C min À1 ) to obtain the SnO 2 IO. Similarly, a thin TiO 2 layer was deposited onto the SnO 2 IO surface by dipping into the TiO 2 precursor. The standard recipe of the TiO 2 precursor solution for the dip-coating process was prepared by mixing 1 mL of titanium tetra-butoxide (Sigma-Aldrich), 0.4 mL of hydrochloric acid (37%, Sigma-Aldrich), 16 mL of ethanol (Sigma-Aldrich), and 10 mL of DI water, respectively. The SnO 2 IO framework was vacuum-dipped into the precursor solution once for 45 seconds and then dried at 60 C for 20 min. The dip-coated samples were heated at 500 C for 2 hours at a heating rate of 1 C min À1 to obtain the double-layered SnO 2 -TiO 2 IO framework.
Finally, WO 3 electrodeposition was carried out on the SnO 2 -TiO 2 IO structure to fabricate the hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructure. The WO 3 precursor solution was prepared by mixing 1.03 g of Na 2 WO 4 $2H 2 O (Sigma-Aldrich) and 0.65 mL of H 2 O 2 (Sigma-Aldrich) in 250 mL of DI water. Aer that, 2 mL of HClO 4 (Sigma-Aldrich) was gradually added into the solution until the pH reached the value of 1.2. 62 The electrodeposition process was conducted at a constant potential of À0.7 V for 200 seconds. SnO 2 -WO 3 and TiO 2 -WO 3 IO nanostructures were also prepared as the references using the same parameters. The obtained samples were rinsed with DI water and dried with nitrogen gas.
Characterization
The morphologies of the obtained samples were characterized by FESEM (JEOL 7600F). The crystal structure of SnO 2 -TiO 2 -WO 3 IO was characterized by an X-ray diffractometer (Shimadzu XRD-6000, with the l Cu-Ka ¼ 0.15418 nm). The atomic compositions and core-shell structure were identied by a STEM (JEOL 2100F STEM equipped with INCA EDS detector).
The surface chemistry is characterized by a Kratos AXIS Supra Xray photoelectron spectrometer.
The spectro-electrochemical properties of obtained samples were measured using a Solartron potentiostat (Model 1470E) and a UV-Vis-NIR spectrophotometer (Shimadzu UV 3600). The UV-Vis spectra of all samples were recorded in the wavelength range of 300 to 1600 nm at potentials of À0.3 and +0.8 V. The dynamic optical transmittance was also recorded for the SnO 2 -TiO 2 -WO 3 IO samples in the wavelength range of interest under repeating square wave potentials oscillating between +0.8 and À0.3 V at a time step of 120 s and 80 s respectively. It was recorded for more than 750 reversible cycles to characterize its long-term stability.
Results and discussion
Morphology, crystal structure and surface chemistry Fig. 1 shows the FESEM images of as-synthesized SnO 2 , SnO 2 -TiO 2 and hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructure with initial PS opal size of 392 nm. The SnO 2 IO framework ( Fig. 1a ) is homogenously fabricated aer the removal of PS template. The diameter of the SnO 2 IO pores is approximately 250 nm, which is smaller than that of the initial PS opal diameter (392 nm) due to shrinkage in the SnO 2 framework following the calcination process at 500 C. The SnO 2 IO framework is arranged in a hexagonal array and the openings that connect the adjacent pores can be clearly observed. The distance between two adjacent pores is measured to be approximately 260 nm. With the coating of a thin layer of TiO 2 , there is no signicant change in the morphology of the double-layered SnO 2 -TiO 2 IO framework ( Fig. 1b ). However, following WO 3 electrodeposition, a uniformly deposited WO 3 layer can be clearly observed on the surface of the doublelayered SnO 2 -TiO 2 IO framework ( Fig. 1c) , forming a hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructure. The HRTEM image also conrms the inverse opal structure of as-fabricated SnO 2 -TiO 2 -WO 3 nanostructures, with the void space of SnO 2 framework approximated at 270 nm (Fig. 1d ). Samples fabricated from 520 nm initial PS opal template have similar morphologies to the 392 nm samples, except with bigger void space dimensions (Fig. S2 †) . The STEM image coupled with EDX mapping, as shown in Fig. 3a , reveals the multi-layered structure of as-fabricated SnO 2 -TiO 2 -WO 3 IO. The distribution of SnO 2 , TiO 2 and WO 3 layers can be observed in the multi-layered IO nanostructure mapping, which clearly shows that the inner SnO 2 -TiO 2 framework is surrounded by a layer of amorphous WO 3 . As shown in Fig. 3b , the bulk elemental composition of asfabricated SnO 2 -TiO 2 -WO 3 IO is measured to be 53.9, 5.0 and 41.1 at% for Sn, Ti and W, respectively. This indicates that the analysis, however, shows that the amount of W (41.1 at%) and Ti (5 at%) is much lower than Sn (53.9 at%) in the hybrid multilayered SnO 2 -TiO 2 -WO 3 IO. The results of both analyses correspond well with the expected arrangement in the multilayered structure of hybrid SnO 2 -TiO 2 -WO 3 IO. Fig. 5 presents the ne scan XPS spectra of O1s, W4f, Ti2p and Sn3d components of hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO. By curve-tting analysis, the O1s spectrum of hybrid SnO 2 -TiO 2 -WO 3 IO is located in the metal oxide binding energy range ($530.8 eV). The W4f spectrum is located at the binding energy of approximately 36.0 eV, conrming the WO 3 chemical state, with well separated spin-orbit components (D metal ¼ 2.17 eV) . The Ti2p spectrum also conrms the TiO 2 chemical state ($459.1 eV). The ne scan XPS spectra of SnO 2 -WO 3 and TiO 2 -WO 3 IO nanostructure can also be found in the ESI (Fig. S4 ). † 
Optical properties and NIR modulation performance
Since FTO glass allows less than 30% IR transmittance beyond 1600 nm, this work will focus only on the NIR modulation within the range of 700-1600 nm, while the visible transparency is examined between 300-700 nm. 41, 61 Fig. 6 shows the UV-Vis spectra of SnO 2 -WO 3 , TiO 2 -WO 3 and hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO recorded at constant potentials of +0.8 V and À0.3 V from 300 to 1600 nm in 0.1 M LiClO 4 /PC electrolyte. It has been reported that the WO 3 IO structure has much higher electrochromic performance than that of WO 3 thin lm. 41, 61 Therefore, in this work, only IO structures obtained from initial PS sizes of 392 ( Fig. 6a ) and 520 nm (Fig. 6b ) are characterized. In the bleached state, all IO samples demonstrate high transmittance in both NIR and visible regions. Upon applying a negative voltage in the colored state (À0.3 V), all samples show a signicant reduction in NIR transmittance while maintaining highly transparent in the visible region. The ability to modulate NIR transmittance over a wide range while remaining transparent satises the desired optical properties of hybrid multilayered SnO 2 -TiO 2 -WO 3 IO for smart window applications. For both tested pore sizes, the visible transparency of hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO is mostly similar to SnO 2 -WO 3 IO, and signicantly higher than that of TiO 2 -WO 3 IO.
The detailed electrochromic performance of SnO 2 -WO 3 , TiO 2 -WO 3 and hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructures are presented in the UV-Vis spectra in Fig. 7 . Data at several wavelengths were specically selected for better comparison of the modulation effect: 400, 500, 600 nm ( Fig. 7a  and b ) in the visible region and 800, 1200, 1600 nm ( Fig. 7c and  d) in the NIR region. In Fig. 7a, 392 The NIR contrast between the bleached and colored states of SnO 2 -WO 3 , TiO 2 -WO 3 and hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructures is presented in Fig. 7c and d . In general, the SnO 2 -WO 3 IO demonstrates the highest NIR modulation capability, while the hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO reveals better NIR modulation than the TiO 2 -WO 3 IO. The 392 nm SnO 2 -WO 3 IO (Fig. 7c ) shows 44.0, 69.7 and 51.2% NIR modulation at 800, 1200 and 1600 nm respectively while TiO 2 -WO 3 IO shows 38.5, 61.2 and 47.5% NIR modulation at 800, 1200 and 1600 nm, respectively. For the hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO, the NIR modulation is recorded to be approximately 35.5, 63.6 and 49.6% at 800, 1200 and 1600 nm, respectively. For the samples with 520 nm initial PS opal size (Fig. 7d) 40 The hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO demonstrated 56.9 and 57.6% NIR modulation at 1100 nm for 392 and 520 nm initial PS opal sizes, respectively. Therefore, the hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructure developed in this study can provide two promising advantages in the smart windows technology: (1) large thermal radiation modulation and (2) high visible transparency. These advantages will be benecial for the optimization of in-door lighting and thermal management.
The electro-optical response time in switching between the bleached and colored states of SnO 2 -WO 3 , TiO 2 -WO 3 and hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructures is presented in Fig. 8a-c It was reported that lithium accumulates as OLi in the WO 3 lms, but such phenomenon does not occur in WO 3 -TiO 2 lms. 54 This ion-trapping may be the cause of degradation in the electrochromic performance during bleaching of WO 3based EC materials. Consequently, there is an improved EC stability in TiO 2 -WO 3 structures. In the current study, the results in Fig. 8d-f indicate that the kinetics of ion extraction process (bleached state) is stable for over 750 cycles and only the ion insertion process (colored state) is affected. This implies that there is a reduction in the amount of Li + ions that can be intercalated into the SnO 2 -WO 3 IO structure aer each cycle. This may due to the crystallization of amorphous WO 3 layer following the reversible cycling test as observed in a previous study. 61 Arvizu et al. also reported that the addition of Ti signicantly promoted the amorphous nature of the lms and stabilized their electrochemical cycling performance and dynamic range for electrochromism. 56 This could be the origin for the stable EC performance of as-fabricated hybrid multilayered SnO 2 -TiO 2 -WO 3 IO.
Conclusions
In this work, a novel hybrid multi-layered SnO 2 -TiO 2 -WO 3 inverse opal (IO) nanostructure is fabricated as an EC material for smart window application via electrodeposition of amorphous WO 3 on a double-layered SnO 2 -TiO 2 IO framework. The as-fabricated hybrid nanostructure integrates the high visible transparency of SnO 2 , effective near infrared (NIR) modulation of amorphous WO 3 , and durable EC cycling stability of TiO 2 . It is measured that the novel hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO is able to modulate up to 63.6% NIR radiation at the wavelength of 1200 nm, while still allowing high visible transparency of approximately 67.2-88.0% and 67.0-74.4% in the bleached and colored states, respectively. Furthermore, it can also maintain approximately 82.6% of its NIR blockage capability aer 750 reversible cycles. The smart window technology based on this hybrid multi-layered SnO 2 -TiO 2 -WO 3 IO nanostructure WO 3 can effectively assist in light and thermal management in buildings, thus reducing energy consumption of indoor lighting and air-conditioning.
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